The Palearctic lady beetle species, Hippodamia variegata (Coleoptera: Coccinellidae), first collected in 1984 near Montreal, Quebec, Canada, is expanding its distribution into northeastern and north central portions of North America. Examination of responses to abiotic factors that influence the seasonal biology of H. variegata may provide insights into its potential range expansion in North America. The induction and duration of adult hibernal diapause in three North American populations of H. variegata, collected between 40°N and 44°N latitude,
From the 1950s to early 1980s, humans released and attempted to establish a widely distributed Palearctic lady beetle species, Hippodamia variegata (Goeze) (Coleoptera: Coccinellidae), into North America (Gordon 1985 (Gordon , 1987 . These releases of H. variegata, from India and the former Soviet Union were made at 14 locations in the United States, resulted in no documented establishment (Gordon 1985) . The population of H. variegata in North America was presumably accidentally introduced and first collected near Montreal, Quebec in 1984 (Gordon 1987) . Subsequent to the initial collections of H. variegata in Quebec in 1984, hundreds of thousands of individuals were released in the central plains of the United States as part of the biological control program for the Russian wheat aphid (Diuraphis noxia (Kurdjumov) (Hemiptera: Aphididae)); no documented establishment was reported from these releases (Prokrym et al. 1998) . The failure to establish populations of released adult lady beetles is not unusual (Krafsur et al. 1996 ); 10% of the predaceous lady beetle species released in the United States have established (Gordon 1985) .
H. variegata is now widely distributed in northeastern North America (Hoebeke and Wheeler 1996 , Ellis et al. 1999 , Day and Tatman 2006 , Finlayson et al. 2008 ) and spreading into the upper Midwestern region of the United States (Williams and Young 2009, Hesler and Lundgren 2011, Global Biodiversity Information Facility, The Lost Lady Beetle Project). The pattern of range expansion of H. variegata appears to be a gradual spread from the area of original collection near Montreal, Quebec. However, no studies have examined North American H. variegata for possible intraspecific variation, which could indicate multiple source populations. Previous studies have described characteristics of introduced populations of H. variegata in South America (Rebolledo et al. 2009 , Grez et al. 2012 and Australia (Le Mottee et al. 2015) , native populations in the Palearctic (Kontodimas and Stathas 2005 , Honek et al. 2007 , Hamedi et al. 2013 , Bayoumy and Awadalla 2018 , and populations that were released in the 1980s in the United States (Obrycki and Orr 1990 ). An examination of genetic diversity and gene flow in eastern North American H. variegata populations revealed that approximately 97% of genetic variation occurred within populations and levels of genetic diversity were similar to several Nearctic and Palearctic species of predaceous lady beetles (Krafsur et al. 1996 (Krafsur et al. , 2005 . A recent genetic study of Coccinella septempunctata (L.) (Coleoptera: Coccinellidae) populations in North America indicated that the current North American distribution is a result of natural spread of established eastern North American populations and human redistribution activities and releases of several Palearctic populations during the late 1980s (Kajita et al. 2012 ).
This study was designed to quantify the reproductive diapause responses of adult H. variegata to one abiotic factor, photoperiod, to examine possible phenotypic variation among established North American populations. Thus, the objectives of this study were to quantify the induction and duration of adult hibernal reproductive diapause in three North American populations of H. variegata in response to a range of constant photoperiods. The influence of constant photoperiods on preimaginal development of H. variegata at 22°C was also recorded. Previous studies of predatory species, that overwinter as adults in reproductive diapause, documented that larval development was faster at shorter photoperiods (e.g., Ruberson et al. 1991 , Reznik and Vaghina 2011 , Qin et al. 2016 . Additionally, the responses of H. variegata pupae and young adults to changes in photoperiod were examined to determine if these life stages were sensitive to alterations in photoperiod, which subsequently influence the diapause status of adult females.
Materials and Methods

Effect of Photoperiod on Preimaginal Development and Diapause Induction
Adult H. variegata were collected at three locations that are representative of the current distribution in the United States: LeRoy, Illinois (40.34°N, 88.77°W), Lindenhurst, Illinois (42.42°N, 88.02°W) and Watertown, New York (43.98°N, 75.91°W). Adults of each population were paired in 0.24-liter (8 oz.) paper cartons (Choice, webstaurantstore.com), maintained at a photoperiod of L:D 16:8 (light:dark), 22 ± 1°C, provided water, a Wheast (Green Methods.com)-honey mixture, and a daily supply of pea aphids, Acyrthosiphon pisum (Harris) (Hemiptera: Aphididae). Eggs were collected daily from 4 to 6 ovipositing females in each population and placed in L:D 16:8, 14:10, 12:12, 10:14, at 22 ± 1.0°C. F1 offspring were individually reared in glass vials at each photoperiod on A. pisum and frozen Ephestia kuehniella (Zeller) (Lepidoptera: Pyralidae) eggs (Beneficial Insectary, Redding, CA).
Pairs of F1 adults from each population were placed in 0.24liter paper cartons at the same larval photoperiods, provided water, a Wheast-honey mixture, and a daily supply of pea aphids. Pairs were fed and maintained at each photoperiod for 100 d, when the experiment was ended. The date of first oviposition was recorded for each female. If a male died, it was replaced with a male from the same population at that L:D condition. If a female died, the date of her death was recorded. Voucher specimens of H. variegata are in the University of Kentucky Insect Museum. Data are deposited at UKnowledge: (https://doi.org/10.13023/K2Z07C; https://doi. org/10.13023/K2T66T; https://doi.org/10.13023/K2PH25).
The preoviposition period (days) was used to determine the proportion of females in a population at a given photoperiod that were in diapause and quantify the duration of diapause of each population at each photoperiod. Using the preoviposition period as the response variable for the assessment of reproductive diapause in predatory lady beetles requires consideration of the variation in this response; even under long daylengths (L:D 16:8) and excess prey availability, that are typically nondiapause inducing conditions, a portion of females show a prolonged preoviposition period (Fig. 1) . The classification of diapause/nondiapause status for females in each population at each photoperiod was based on twice the median preoviposition period (days) observed at L:D 16:8 for each population (Table 3) . This type of criteria has been used to categorize females into diapause and nondiapause groups in previous studies of adult reproductive diapause in predatory Hemipterans (Ruberson et al. 2000 (Ruberson et al. , 2001 and for the congeneric lady beetle species, Hippodamia convergens (Guerin) (Coleoptera: Coccinellidae) (Obrycki et al. 2018 ).
Sensitivity of Pupae and Young Adults to Changes in Photoperiod
Individual F1 larvae from H. variegata females collected from Le Roy, IL were reared at L:D 16:8 or L:D 10:14 at 22°C, as described above for the diapause induction experiment. To determine if pupae and young adults are sensitive to changes in photoperiods, individuals were transferred between L:D 16:8 ⇆ 10:14 on the day of pupation (treatments 2, 7), day of adult eclosion (treatments 3, 8), as 4-d-old adults (treatments 4, 9) and 10-d-old adults (treatments 5,6) ( Table 5 ). Following transfer between photoperiods, individuals were maintained at the second photoperiod and fed pea aphids. Control treatments (1,10) were F1 individuals reared and maintained at either constant L:D 16:8 or L:D 10:14 as part of the diapause induction study (Table 5 ).
Statistical Analyses
Effect of photoperiod on preimaginal development and diapause induction
Egg, larval, pupal, and preimaginal (egg to adult) developmental times (days) were compared among the three populations and four photoperiodic treatments using two-way analysis of variance (ANOVA) (JMP Pro 12.1.0). The days from female eclosion to first oviposition at each photoperiod were compared within and among the three H. variegata populations using event-time analysis (JMP Pro 12.1.0). Females that died or did not oviposit within the length of the experiment (100 d) were censored, because the preoviposition period for these females was not determined. A nonparametric logrank analysis of the response to photoperiod within each population was used to determine if days to oviposition varied among females at the four photoperiods (JMP Pro 12.1.0). Similarly, the nonparametric log-rank test was conducted to compare responses among the three populations to a given photoperiod.
Sensitivity of pupae and young adults to changes in photoperiod
The percentage of females laying eggs within 30 d of eclosion and the mean preoviposition period (days) were calculated for each treatment. A one-way ANOVA of the preoviposition periods at each treatment was conducted based on females that laid eggs within 30 d (JMP 12.1.0).
Results
Egg, larval, pupal, and preimaginal developmental times of the three H. variegata populations at the four photoperiods were affected by population, photoperiod, and the interaction between population and photoperiod (Table 1) . However, the biological significance of these differences is not apparent; the observed mean preimaginal developmental times for each population at each photoperiod were generally within one day of each other ( Table 2 ). Two of the H. variegata populations (Watertown, NY and Lindenhurst, IL) showed a general trend of faster preimaginal development at shorter photoperiods; however, this pattern was not observed in the third population (Le Roy, IL) ( Table 2) .
The median preoviposition periods at L:D 16:8 for the three H. variegata populations ranged from 6 to 9 d ( Table 3 ). Females of the three populations had a similar response to L:D 16:8; 13-21% of females were induced into diapause (Fig. 2) . At the two shorter daylengths (L:D 12:12 and L:D 10:14), 100% of the females were induced into diapause (Fig. 2) . Females from the New York and Le Roy, IL populations showed relatively high levels of diapause induction (81-100%) at L:D 14:10 (Table 4 , Fig. 2) . In contrast, 27% of females from the second Illinois population (Lindenhurst, IL) were induced into diapause at L:D 14:10 (Table 4 ).
The response of each H. variegata population to the four constant photoperiods was significantly different (Table 3 : analyses within rows). Longer preoviposition periods were observed at shorter photoperiods (L:D 12:12 and 10:14). Only three females from the New York population oviposited at L:D 12:12 and 10:14 before the experiment ended at 100 d. One female from the Lindenhurst, IL location laid eggs within 100 d at L:D 12:12; no females oviposited at L:D 10:14 within 100 d (Table 3 ). Variation among the three populations was observed in their responses to L:D 14:10 and 10:14 (Table 3 : analyses within columns). The nonparametric log-rank test indicated a similar response among the three populations to L:D 16:8 and 12:12 (Table 3) .
Sensitivity of Pupae and Young Adult to Changes in Photoperiod
H. variegata larvae reared at L:D 10:14 until pupation or adult eclosion and then transferred to L:D 16:8 (treatments 2,3 in Table 5 ) produced females whose preoviposition period averaged approximately 7-9 d ( Table 5 ). In contrast, H. variegata larvae reared at L:D 16:8 until the day of pupation or the adult eclosion that were then transferred to L:D 10:14 (treatments 6,7) resulted in females that did not oviposit within 30 d of eclosion (Table 5) . Individuals reared at L:D 10:14 and switched to L:D 16:8 as 4-d-or 10-d-old adults (treatments 4,5 in Table 5 ) produced females whose preoviposition periods were prolonged to an average of 18 d (treatment 4) and 24 d (treatment 5). Larvae reared at L:D 16:8 and moved to L:D 10:14 as 4-d-old adults (treatment 8 in Table 5 ) resulted in 90% of females ovipositing in an average of 8 d. Individuals reared at L:D 16:8 and 65.17, df = 3, P < 0.0001
Log-Rank
ChiSq, df, P 1.92, df = 2, P = 0.384 12.53, df = 2, P = 0.002 4.63, df = 2, P = 0.099 10.04, df = 2, P = 0.007
Constant photoperiods: L:D 16:8; 14:10; 12:12; and 10:14 at 22 ± 1°C. Preoviposition period: Mean (days ± SE); Min-Max days; Median (days); N = number of ovipositing females. Nonparametric log-rank analysis: 1) within rows examines response of each population to the four photoperiods; 2) within columns examines the three population responses to each photoperiod. Egg, larval, pupal, and preimaginal (egg to adult) developmental times (days) (mean ± SD) for the three Hippodamia variegata populations at four constant photoperiod conditions (L:D 16:8. 14:10, 12:12, 10:14) switched to L:D 10:14 at 10-d-old adults (treatment 9) resulted in 100% of females laying their first egg mass within an average of 9 d. All females that laid eggs in treatment 9 prior to being moved to L:D 10:14 continued to oviposit in L:D 10:14. The effect of treatment on preoviposition periods (days) was highly significant among treatments in which females laid eggs within 30 d (one-way ANOVA; F = 59.1; df = 6, 80; P = 0.0001) ( Table 5 ).
Discussion
Preimaginal developmental times among the three H. variegata populations at the four photoperiods were generally similar; no consistent pattern was observed in the interactions between photoperiod, population, and developmental times. In previous studies of lady beetle species that diapause as adults, developmental responses to photoperiod varied from faster preimaginal development at shorter photoperiods (e.g., Vaghina 2011, Belyakova et al. 2016) , slower development at shorter photoperiods (Wang et al. 2013) , to no observed relationship between photoperiod and preimaginal development (McMullen 1967 , Storch and Vaundell 1972 , Storch 1973 . Additionally, intraspecific variation in the preimaginal developmental responses to photoperiod has been documented for three species of predatory lady beetles, that diapause as adults (Reznik et al. 2015b , Singh et al. 2016 ).
The North American populations of H. variegata showed a response to photoperiods typical of a long-day species, in which females under long daylengths avert diapause and short daylengths induce diapause. This type of photoperiodic response has been documented for several predatory lady beetles that diapause as adults Pupae and young adults exposed to changes in L:D 16:8 and 10:14 at 22°C. Percentage of females ovipositing within 30 d, (N = number of females), and preoviposition period (days) for each treatment. F1 individuals reared on pea aphids from adults collected in Le Roy, IL, July 2017. One-way ANOVA of the effect of treatment on preoviposition period, F = 59.1, df = 6, 80, P = 0.0001. (Note: treatments 1, 6 and 7 not included in analysis).
*All females oviposited within the 10 d at L:D 16:8; all females continued to oviposit following switch at 10 d to L:D 10:14; duration of egg laying in L:D 10:14 was 1-30 d (number of egg masses/female laid in L:D 10:14 ranged from 1 to 9). **Number of females ovipositing at L:D 16:8; 13 of 15 females oviposited within 30 d.
(e.g., Adalia bipunctata (L.) (Coleoptera: Coccinellidae), H. convergens, C. septempunctata, Harmonia axyridis (Pallas) (Coleoptera: Coccinellidae)) (Obrycki et al. 1983 , Hodek 2012 , Obrycki et al. 2018 ). The percentage of H. variegata females from each population induced into diapause at L:D 14:10 varied among the three populations, however, the variation was not correlated with the latitude of the collection sites (Table 3 ). In many long daylength insect species, the duration of diapause inducing photoperiods tends to be positively correlated with latitude (Tauber et al. 1986 , Ruberson et al. 2001 , Hut et al. 2013 . No correlation was observed for three H. convergens populations (Texas, Kansas, and Iowa) collected in the central United States over a range of latitudes from 31°N to 42°N (Obrycki et al. 2018) . Additionally, variation in response to generally diapause averting conditions, long daylengths with excess prey, was observed in both Hippodamia species. This type of variation has been previously observed in several species of predatory lady beetles that show hibernal reproductive diapause (e.g., A. bipunctata and C. septempunctata) (Obrycki et al. 1983 , Hodek 2012 (2015) study are not possible due to differences in methodology and duration of the two experiments (21 vs. 100 d). However, the preoviposition periods for H. variegata from Australia at both 18 and 25°C were generally much faster than that observed for the three North American H. variegata populations in the present study. For example, Le Mottee et al. (2015) recorded mean preoviposition periods at L:D 16:8 (18 and 25°C) from 4.2 to 8.0 d. In the three North American populations in the current study, the mean preoviposition period at L:D 16:8 at 22°C varied between 11.3 and 13.1 d (Table 3) .
Pupae and young adults of H. variegata were sensitive to changes in photoperiod, which influence the reproductive diapause of adult females. In this study, larval stages were not examined for their sensitivity to changes in photoperiods. In a summary (Table 13 , pp 72) of sensitive life stages for insect species that diapause as adults, Danks (1987) includes examples of predatory lady beetle species that are sensitive as adults (four species) or as both larvae (pupae) and adults (one species). In contrast to the congener, Hippodamia tredecimpunctata (L.) (Coleoptera: Coccinellidae) (Storch and Vaundell 1972) , in which only adults are sensitive to changes in photoperiods, H. variegata pupae and young adults are sensitive stages. Newly emerged adult Har. axyridis were shown to be sensitive to changes in photoperiods (L:D 18:6 ⇆ L:D 12:12) influencing the proportion of females ovipositing within 60 d (Reznik and Vaghina 2013) .
Phenotypic plasticity in the seasonal responses to photoperiod and temperature by the invasive insect pest Drosophila suzukii (Matsumura) (Diptera: Drosophilidae) is a suggested mechanism underlying the rapid global range expansion of this species (Shearer et al. 2016) . Seven years after the introduction of Diorhabda carinulata (Desbrochers) (Coleoptera: Chrysomelidae) for biological control of tamarisk, this species was shown to have evolved a shorter critical day length response for diapause induction which allowed this species to expand the duration of reproductive activity (Bean et al. 2012 ). In the lady beetle Har. axyridis, a relatively weak response to photoperiod was considered a preadaptation to range expansion in eastern Europe and Russia (Reznik et al. 2015a ). The global increase in geographic distribution of H. variegata introduced into new environments may be influenced by its response to seasonally changing abiotic factors. Preadaptation and/or phenotypic plasticity in response to temperature and photoperiod and/or postcolonization evolution in response to these environmental factors may play roles in the spread of H. variegata in North America (Wright and Bennett 2018) .
